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Systematic Identification of Tubulin-interacting Fragments of
the Microtubule-associated Protein Tau Leads to a Highly
Efficient Promoter of Microtubule Assembly™
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Tau is a microtubule-associated protein that stabilizes
microtubules and stimulates their assembly. Current descrip-
tions of the tubulin-interacting regions of Tau involve microtu-
bules as the target and result mainly from deletions of Tau
domains based on sequence analysis and from NMR spectros-
copy experiments. Here, instead of microtubules, we use the
complex of two tubulin heterodimers with the stathmin-like
domain of the RB3 protein (T,R) to identify interacting Tau
fragments generated by limited proteolysis. We show that frag-
ments in the proline-rich region and in the microtubule-binding
repeats domain each interact on their own not only with T,R but
also with microtubules, albeit with moderate affinity. NMR
analysis of the interaction with T,R of constructs in these two
regions leads to a fragment, composed of adjacent parts of the
microtubule-binding repeat domain and of the proline-rich
region, that binds tightly to stabilized microtubules. This dem-
onstrates the synergy of the two Tau regions we identified in the
Tau-microtubule interaction. Moreover, we show that this frag-
ment, which binds to two tubulin heterodimers, stimulates effi-
ciently microtubule assembly.

Microtubules (MTs)* are cylindrical assemblies of a3-tubu-
lin heterodimers. They represent, together with actin filaments,
the major components of the eukaryotic cytoskeleton. They are
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involved in important functions such as long range organelle
transport or mitotic spindle formation. MTs show an intrinsic
dynamic behavior as they constantly undergo phases of assem-
bly and disassembly (1). Their dynamics are regulated by mol-
ecules that destabilize them (2) or stabilize them. Tau, an MT-
associated protein (MAP) preferentially located in axons (3, 4),
belongs to the MAP2/Tau subfamily (5). It stimulates MT
assembly, stabilizes them by direct binding, and affects their
dynamics. Its functions are mainly regulated by phosphoryla-
tion. Tau is also involved in neurodegenerative diseases called
tauopathies, of which Alzheimer disease is the best known. In
pathological situations, aggregates of hyperphosphorylated
Tau assemble into paired helical filament; this hyperphos-
phorylated state leads to the loss of Tau’s biological activity (for
details, see Refs. 6-10)).

Tau is a natively unfolded protein (11, 12). It occurs in six
isoforms in human brain (ranging from 352 to 441 amino acid
residues) resulting from alternative splicing (13—15). It is com-
posed of two main domains (Fig. 1A). First, there is a projection
domain (Met'-Tyr'”’) (residue numbering as in the longest
human isoform of Tau) in which an N-terminal extension (with
0, 1, or 2 inserts) and the first part of a proline-rich domain
(PR1) are distinguished. Second, the assembly domain (Ser'*®—
Leu**!) consists of the second part of the proline-rich domain
(PR2), three or four microtubule-binding repeats (MTBR,
noted R1 to R4), and a C-terminal extension with an upstream
pseudo repeat R’. PR2 and R’ constitute the two flanking
regions. MTBR (31 or 32 residues) have similar sequences and
consist of an 18-residue imperfect repeat and of a 13- or 14-res-
idue inter-repeat region (ir).

Properties of Tau domains and of their subdomains have
been dissected in vivo and in vitro. Many functions of the pro-
jection domain have been described, such as its involvement in
Tau’s association with the plasma membrane (16) or in Tau
enrichment at distal neurites (17). The projection domain also
determines the spacing of MTs in Tau-induced MT bundles
(18, 19) either through some repulsive force as proposed in the
case of class I MAPs (20) or via its antiparallel association with
the projection domain of another Tau monomer as proposed by
Rosenberg et al. (21). In the assembly domain, the properties of
repeats and of flanking regions have been most extensively
characterized. Repeats are required for MT binding and for MT
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FIGURE 1. Domain organization of Tau and the fragments of F1 that interact with T,R. A, domain organization of Tau. Gray boxes represent domains that
are spliced in some isoforms. Residue numbering is as in the longest human isoform of Tau. In the projection domain, an N-terminal extension and the first part
of a proline-rich domain (PR7) are distinguished. The assembly domain consists of the second part of the proline-rich domain (PR2), three or four MTBRs, and
a C-terminal extension with an upstream pseudo repeat R". The MTBRs are divided in repeats (R7 to R4) and inter-repeats (ir12, ir23, and ir34). The position of
F1(Gly'®*-Leu*"")in Tau sequence s also presented. B, F1 fragments that interact with T,R. These were generated by digestion of F1 either by Glu-C or by Arg-C.
The fragments identified in this work are shown as double arrowed lines. The affinities for MTs of fragments presented as double arrowed dashed lines have been
assayed qualitatively, but only named fragments (F2, F3, F2a, and F4) have been characterized further. F2a (black box) corresponds to the part of F2 that is
included in the proline-rich domain. F4 has been produced based on the NMR identification of the residues in the PR2 and MTBR domains that interact with T,R.

It is shown as a white box.

assembly. Paradoxically, although MTBR are considered as the
MT binding domain, they bind MTs weakly. Binding of PR2
(associated with the projection domain) and of R’, taken indi-
vidually, was almost beyond detection (22). By contrast, the
flanking regions bind strongly to MTs, when combined with the
projection domain and the C-terminal extension (22), and
influence MT assembly (23, 24).

Two models have been proposed to describe the respective
roles of MTBR and flanking regions. In the first one, termed the
“jaws” model (22, 25, 26), these last regions allow tight binding
of Tau to the MT surface and the presence of repeats is required
to favor MT assembly. An NMR study has allowed the determi-
nation of the residues in PR2 and in the downstream repeats
that constitute the jaws (27). The second model relates to the
importance of regions in the assembly domain for the effect of
the different Tau isoforms on MT dynamics. It proposes that
the initial binding of Tau to MTs is mediated by an MT-binding
core within MTBR, whereas the flanking regions exert an iso-
form-specific regulation (28). The core is composed of the first
two repeats and of their inter-repeat (28, 29). Regions in the
proline-rich domain (23, 24) modulate MT binding and assem-
bly, but they must be associated with repeats in the same frag-
ment to have an effect. The contribution of basic residues has
also been investigated. This identified several of them in the
proline-rich domain and in ir12 as important for Tau interac-
tion with M Ts (24, 29). Consistent with the basic nature of these
residues, cross-linking suggests that the binding targets of
repeat 1 and/or ir12 are the C-terminal acid tails of both «- and
B-tubulin (30).

Thus, current descriptions of Tau-MT interaction rely on
deletions of Tau domains based on sequence analysis, on site-
directed mutagenesis of basic residues, and on synthetic pep-
tides. More recently, NMR has been used to define the MT-in-
teracting residues of some Tau fragments (27, 31, 32). In a very
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different approach, short tubulin-binding peptides have been
selected from a phage library and subsequently used to identify
tubulin-binding domains in MAPs using sequence comparison
(33). Here, we take advantage of the unfolded structure of
native Tau so that fragments produced by limited proteolysis
should be structurally similar to their counterpart in the whole
protein. Similarly to the systematic approach used previously to
define the tubulin-binding region of stathmin (34), another
natively unfolded protein, we directly identify the Tau proteol-
ysis products that interact with tubulin. The target used here is
the complex (T,R) composed of two tubulin heterodimers with
the stathmin-like domain of RB3 (RB3-SLD) (35, 36). The pep-
tides identified, which have a moderate but definite affinity for
MTs, define two nonoverlapping domains included in the
MTBR and in the proline-rich domains. The tightest binding
fragments in each of these regions stimulate assembly. NMR
studies of two adjacent fragments, one in the proline-rich
domain and one in the MTBR domain, in complex with T,R
identify tubulin-interacting residues within these regions. By
combining them in one protein, we produced a 117-amino acid
construct (F4, Ser**®*-Ser®**) that binds tightly to MTs and
favors their assembly, thus recapitulating two important char-
acteristics of the Tau-tubulin interaction.

EXPERIMENTAL PROCEDURES

Cloning and Site-directed Mutagenesis—The coding region
of the full-length 441-residue Tau protein was inserted into a
pET15b expression vector (Novagen) as described by Amniai et
al. (37). The coding region for Tau-(Gly'**~Leu**') (F1)
described in Sillen et al. (32) was subcloned in a pET9aM vector
modified in its multiple cloning site, between the restriction
sites Ndel and Notl. Two constructions were produced, one
with a sequence encoding a His, tag at the N-terminal end of F1
(F1-Nt) and the other one with the same motif at the C-terminal
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end (F1-Ct). The coding region for Tau-(Ala'®®~Ala**®) (F2a)
was inserted in a pET15b vector between the restriction sites
Ncol and Xhol. The coding region for Tau-(Asn***~Glu*"?)
(F3) was inserted in the pET9aM vector between the restriction
sites Ndel and NotI with primers 5'-CATATGAACCTGAAG-
CACCAGCCG and 5'-GCGGCCGCTTGTGCTATTCAATC,
yielding pF3. The coding region for Tau-(Ser***~Ser***) (F4)
was inserted in the pET9aM vector between the restriction sites
Ndel and NotI with primers 5'-GGGAACATATGCATCACC-
ATCACCATCACAGCCGCTCCCGCACCCCG and 5'-TTT-
TTGCGGCCGCTTATGAGCCACACTTGGAGG. The cod-
ing region for Tau-(Ser**®~Ser®**) with the residue cysteine 322
mutated in serine (F4 C322S) was inserted in the pET9aM vec-
tor between the restriction sites Ndel and NotI with primers
5'-GGGAACATATGCATCACCATCACCATCACAGCCG-
CTCCCGCACCCCG and 5'-TTTTTGCGGCCGCTTATGA-
GCCACTCTTGGAGG. A plasmid coding for Tau-(GIn***~
Glu*”?) (K18) was a gift of Kenneth S. Kosik, and the coding
region was inserted between Ndel and EcoRI sites in an expres-
sion vector with an ampicillin resistance gene. Cloning of addi-
tional fragments used in this work is described in the supple-
mental material. The sequences of all plasmids produced were
verified (Eurofin MWG Operon, Germany).

Tubulin Purification—Sheep brain tubulin was purified by
two cycles of polymerization/depolymerization in a high
molarity buffer (38) and stored in liquid N, in 50 mm Mes-K, pH
6.8, 33% glycerol, 0.25 mm MgCl,, 0.5 mm EGTA, 0.1 mm GTP
until use. Before use, an additional MT assembly/disassembly
cycle was performed to remove any nonfunctional protein. To
prepare tubulin for T,R production, the disassembly step was
carried out in 80 mMm Pipes-K, pH 6.8, 1 mm MgCl,, 0.5 mm
EGTA, 1 mm GDP at 4 °C for 20 min. After ultracentrifugation
at 350,000 X g, 4°C for 10 min, the tubulin buffer was
exchanged using a PD10 column (GE Healthcare). To prepare
tubulin for polymerization and partition assays, the disassem-
bly step was carried out in 15 mm Mes-K, pH 6.8, 0.5 mm MgCl,,
0.5 mMm EGTA at 4 °C for 20 min. After ultracentrifugation at
350,000 X g,4 °C for 10 min, 10-ul tubulin fractions were stored
in liquid N, until use. Tubulin concentrations were deduced
from its absorbance (€,,, = 1.2 liters:cm ™ '-g '), assuming the
molecular weight of the heterodimer is 100 kDa (39, 40).

Protein Overexpression and Purification—The recombinant
RB3-SLD was produced and purified as described previously
(41). RB3-SLD concentration was determined by amino acid
analysis or by a colorimetric assay with the Thermo Scientific
Pierce BCA protein assay Kit, by comparison with an RB3-SLD
sample of known concentration used as a standard. F1-Nt or
F1-Ct was overexpressed in freshly transformed Escherichia
coli BL21(DE3) competent cells. Overnight cultures were
diluted to Aggg 0.1 in 3-liter flasks containing 1 liter of 2YT
medium supplemented with kanamycin (50 ug-ml™'). Cells
growing at 37 °C were induced with 0.5 mm isopropyl B-b-1-
thiogalactopyranoside for 3 h when the A, reached 0.6. The
cells were harvested by centrifugation at 5000 X g for 10 min,
resuspended immediately in sonication buffer (50 mm sodium
phosphate, pH 7, 1 M NaCl, and 1 tablet of the complete anti-
protease mixture (Roche Applied Science)), and lysed by soni-
cation on ice. The lysate was centrifuged at 20,000 X g for 20
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min at 4 °C. The supernatant was then heated to 75 °C for 10
min before centrifugation at 20,000 X g for 20 min at 4 °C.
Before loading the protein mixture on a HisTrap column (1 X 5
ml) (GE Healthcare) equilibrated with buffer A (50 mm sodium
phosphate, pH 7, 1 m NaCl, 10 mm imidazole), imidazole (10
mM final concentration) was added to the supernatant. The
column was washed with 5% buffer B (50 mm sodium phos-
phate, pH 7, 1 M NaCl, 500 mm imidazole). Protein was eluted
with 50% buffer B. After concentration by ultrafiltration (Vivas-
pin 15 ml, 10-kDa cutoff; Sartorius), F1 was treated with 2 mm
DTT, and 5 mm EGTA and then purified on a gel filtration
column (Superdex 75 prep grade HR16/60; GE Healthcare)
equilibrated with 20 mm sodium phosphate, pH 7, 100 mm
NaCl. Tau and Tau fragments with no tag were purified with a
cation-exchange column (SP-Sepharose column or Hitrap SP
FF columns, GE Healthcare) followed by size exclusion chro-
matography (SEC) (Superdex 75 preparation grade HR16/60;
GE Healthcare). F4 and its single mutant F4 C322S, with a His,
tag sequence at the N-terminal end, were purified on a HisTrap
column (1 X 5 ml) (GE Healthcare) followed by SEC (for details
see supplemental material). The purity and identity of Tau frag-
ments were verified by SDS-PAGE and mass spectrometry. The
N-terminal methionine was quantitatively removed in F1-Ct,
F2, and F2a, partially in F3; it is present in F1-Nt, F4, and K18.
Protein concentrations were determined by amino acid content
analysis following complete acid hydrolysis.

Limited Proteolysis—Two enzymes, Arg-C and Glu-C (se-
quencing grade proteases, Roche Applied Science), were
selected because of their high number of cleavage sites distrib-
uted along the F1 sequence (supplemental Fig. S1A4). These
enzymes were used at a 1:2000 enzyme/F1 ratio (w/w) in the
following buffers: 80 mm Pipes-K, pH 6.8, 5 mm MgCl,, 1 mm
EGTA,1 mMmDTT, 5 mm CaCl, (Arg-C) and 25 mm NH,HCO,,
pH 7.8 (Glu-C). Protein samples were incubated at 37 °C with
Arg-C or at room temperature with Glu-C. Incubation times
were as follows: 60 min (Arg-C and Glu-C), 90 min (Arg-C), and
180 min (Glu-C). Digestion was stopped by heating at 110 °C for
15 min. F1 proteolysis was monitored by SDS-PAGE (supple-
mental Fig. S1, B and C), by SEC, and by mass spectrometry.
The F1 cleavage sites were identified after determination of the
molecular masses of the fragments, taking into account the F1
amino acid sequence and the cleavage specificities of the
endoproteinases.

Mass Spectrometric Identification of F1 Fragments That
Interact with T,R—F1 fragments obtained by proteolysis were
incubated with T,R at a ratio ranging from 0.8:1 to 1:1 for 10
min in ice. The sample (100 or 200 wl) was then loaded on a
Superose 12 10/300 column (GE Healthcare) equilibrated with
20 mM Pipes-K, pH 6.8, 1 mm MgCl,, 0.5 mm EGTA and eluted
at 0.5 ml/min flow rate. Products eluted from the gel filtration
column were collected, analyzed by SDS-PAGE with silver
staining, and by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS). Digested
F1 and (digested F1):T,R (1-ul samples before SEC) were acid-
ified by dilution in 0.1% trifluoroacetic acid (TFA) before being
desalted and eluted in 10 ul of 50% acetonitrile in 0.1% TFA
using Zip-Tip® C4 (Millipore). The SEC-eluted fractions fol-
lowing digestion (60 ul acidified with 6 ul 1% TFA) were
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desalted and concentrated on a Zip-Tip® C4 or C18 (Millipore)
by eluting with 6 ul of 50% acetonitrile in 0.1% TFA. Desalted
samples were mixed (1:1) either with a 10 mg/ml solution of
sinapinic acid (3,5-dimethoxy-4-hydroxycinnamic acid,
Aldrich) in 30% acetonitrile, 0.1% TFA, or with a 10 mg/ml
solution of 2,5-dihydroxybenzoic acid (Fluka) in 0.1% TFA. The
spectra of positive ions were recorded in linear mode and in
reflectron mode using a MALDI-TOF mass spectrometer (Voy-
ager DE-STR, Applied Biosystems). The linear mode was used
to measure the average masses of large peptide fragments in the
1000-40,000 mass range, whereas the reflectron mode was
used to measure the monoisotopic masses of small peptide frag-
ments in the 500 -10,000 mass range. In linear mode, two cali-
brations were performed: an external calibration with the Pep-
Mix 3 kit (Laserbiolabs) mixed with ACTH clip (18-39)
(Laserbiolabs) and an internal calibration in the case of samples
containing RB3-SLD, using the monoprotonated and biproto-
nated ions (average m/z ratios 16,722.90 and 8361.95, respec-
tively) (42). In reflectron mode, an external calibration was per-
formed with the PepMix 4 kit (Laserbiolabs).

NMR Spectroscopy—"H-">N HSQC spectra were recorded
on a Bruker Avance 600-MHz spectrometer equipped with a
cryogenic triple resonance probe head or on a Bruker Avance
800-MHz spectrometer with a regular TXI probe head. Sam-
ples of the isolated fragments contained 50 um '*N- and "*C-
labeled F1, 52.5 um '*N-labeled F2a, or 51 um *°N-labeled K18
in 25 mm Tris-d;;, pH 6.7, 25 mm NaCl, 2.5 mm EDTA and 1.5
mMm DTT. Assignments were based on the published assign-
ments of K32 (Ser'?®*~Tyr***) (27) for K18 and were verified by
the product-plane approach developed in our laboratory (43)
ona doubly labeled fragment. The assignment of F2a, presented
in the supplemental material, was obtained with the same
approach. Some resonances in the extreme C terminus of F1
(Fig. 2) could be assigned in the same manner. For complexes
with T,R, ratios were 30 um F1, 55 um T,R, 53 um F2a, 73 um
T,R, and 50 um K18, 58 um T,R. Chemical shift differences
between the isolated F2a and F2a in complex with T,R were
calculated as Aw = (Aw;,® + 0.2 Awy?)*2 For the sample of F1
bound to stabilized MTs, we used 10 um F1, 40 um polymerized
tubulin but acquired the spectrum with 256 scans instead of 64
for the other spectra. "H-*>N HSQC spectra were acquired with
the standard Bruker pulse program, with 2k and 256 complex
points in the 'H and '°N directions, respectively. All spectra
were recorded at 20 °C.

Binding to Stabilized M Ts—Stabilized MTs were produced
by incubating tubulin with a concentration of docetaxel equal
to twice that of tubulin at 37 °C for 15 min in 50 mm Mes-K, pH
6.8, 6 mm MgCl,, 0.5 mm GTP, 30% glycerol (v/v) (M2G2) or in
M2G1 (as M2G2 but with 12.5% glycerol (v/v)), following which
Tau fragments at concentrations in the 5—60 uMm range were
added. Samples were incubated for a further 15 min and then
centrifuged (280,000 X g, 34 °C, 15 min). The pellets and super-
natants were subjected to SDS-PAGE for evaluation of the
amounts of MT-bound and free Tau fragments. Gels (Tris/Tri-
cine, 12% acrylamide in the separating gel) were stained with
Coomassie Brilliant Blue, scanned, and analyzed using the
MultiGauge Version 3.0 software. The measurements were lin-
ear up to 2 ug of Tau fragments loaded. In the case of F4, Coo-
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massie Blue staining was not sensitive enough because of the
tight binding of this fragment to MTs. Instead, the C322S
mutant of F4 labeled with a fluorescent probe was used and
quantified with the Las-3000 imager (Fuji Film, filter Y515-Di).
Briefly, prior to labeling F4 C322S (150 um) was reduced by
tris(2-carboxyethyl)phosphine (500 wm) in 15 mm Mes-K, pH
6.8, 500 um EGTA, 500 um MgCl, for 30 min at room temper-
ature. A 5-fold excess of Oregon Green 488® maleimide (Invit-
rogen) was added, and the sample was incubated for 2 h at room
temperature in the dark. Finally, the excess dye was removed by
buffer exchange using a Micro BioSpin® 6 column (Bio-Rad).
Full-length Tau and Tau fragments in the presence of docetaxel
but without M T's are exclusively found in the supernatant (data
not shown).

Binding parameters of Tau fragments to docetaxel-stabilized
MTs were determined by fitting data using the standard bind-
ing equation considering two nonequivalent sites (Equation 1),

[Tau]bound
[MTs]

_ ny - K1 . [Tau]free + ny: KZ . [Tau]free + (I"h + ’72) . K1 . KZ . I.-I—au]free2
1 4 Ky * [Taulfee + Ki * [TaUlgee + Ki * K; * [Taulee?

(Egq. 1)

where [MTs] is the concentration of polymerized tubulin (here
it is constant, 25 uM unless otherwise specified) and # is the
stoichiometry of each site. K; and K, are the equilibrium con-
stants for association at the two binding sites. Results are the
average of triplicate experiments.

To compare binding to MTs and to T,R, duplicate spin-
down assays were run in parallel, in the presence of T,R or not.
Stabilized MTs were produced as described above, in M2G1,
from tubulin (25 um). Stabilized MTs and T,R were produced
together by incubating tubulin (50 um) with docetaxel (0.55 eq)
and RB3-SLD (0.35 eq) at 37 °C for 15 min in M2G1. Samples
were incubated for a further 15 min with Tau fragments (10 um)
and centrifuged (280,000 X g, 34 °C, 15 min). Pellets and super-
natants were subjected to SDS-PAGE to evaluate the partition
of Tau fragments.

Microtubule Assembly—MT assembly was monitored turbi-
dimetrically at 340 nm with a Cary 50 spectrophotometer (Var-
ian) using a 200-ul, 0.7-cm light path cuvette thermostated at
37 °C. Experiments were carried out either in M2G2 or in
M2G1 with varying concentrations of reduced Tau fragments.
For critical concentration (Cc) determination, tubulin at vari-
ous concentrations was incubated at 37 °C until the steady state
had been reached (as judged by identical samples analyzed in
parallel by turbidimetry) and then centrifuged at 250,000 X g,
34°C, for 10 min. Microtubular tubulin is the difference
between initial tubulin and the amount in the supernatant. The
plot of assembled tubulin as a function of the total tubulin con-
centration yields a linear curve in the concentration range
investigated. The abscissa intercept (Cc) represents the concen-
tration of unassembled tubulin at steady state in the presence of
Tau fragments. Cc was 3 uM = 1 in M2G2 and 14.5 uMm * 4 in
M2Gl1.

Electron Microscopy—MT assembly (tubulin 13 um) was car-
ried out in M2G1 at 37 °C in the absence or in presence of 5 um
Tau fragments. The sample on a carbon-coated grid was
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FIGURE 2. NMR spectra of fragment F1. 'H,"°N HSQC spectrum of F1 when isolated in solution (red), in complex with stabilized MTs (A, green), or with T,R (B,
blue). Peaks visible in the F1/MT sample concern mainly the extreme C terminus of F1 and do not shift nor broaden in the F1-T,R complex.

stained with 2% uranyl acetate at 37 °C. Grids were examined
using a Philips CM12 electron microscope. Images were re-
corded at X13,000 and X 35,000 magnifications.

RESULTS

Tau Fragments Belonging to the Pro-rich and MTBR Domains
Interact with Tubulin in T,R—To identify Tau fragments that
bind to tubulin, we have combined limited proteolysis of Tau
and size exclusion chromatography (SEC) to select fragments
that co-elute with the target. Because Tau, and potentially some
of its fragments, favor the assembly of tubulin in MTs, this
protein is not a useful target in these experiments as it would
give rise to a heterogeneous population of oligomers that would
not yield a well defined peak in SEC. Therefore, we have chosen
as a target T,R (36), which is not incorporated in MTs. Frag-
ment F1 (Gly'**~Leu**'), devoid of the N-terminal projection
domain that does not interact with the MT surface (44), was
used to facilitate further the analysis of the results. We checked
by SEC that F1 interacts with T,R (supplemental Fig. S2). We
previously showed that in the 'H-'>N HSQC spectrum of F1
with stabilized MT's the only residues whose resonances main-
tain some intensity are at the C-terminal end of this fragment
(32). To validate further T,R as a target to investigate the Tau-
tubulin interaction, it is important to ensure that F1 residues
that interact with T,R also interact with MTs. To do so, we
recorded the NMR spectrum of F1 in complex with T,R and
compared it with that of F1 in its complex with stabilized MTs
(Fig. 2). Residual intensity in the F1:MT spectrum is considerably
lower than in the equivalent F1: T, R spectrum reflecting that relax-
ation properties of the amide resonances are affected in a more
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drastic manner in the complex with MTs than with T,R. This is
likely due to the difference in molecular weight between the meso-
scopic MTs and the 220-kDa T,R and to the anisotropic tumbling
of the rod-like M Ts. Still, when resonances of residues at the C-ter-
minal end of F1 were identified in the spectrum of the F1-T,R
complex, we found that they do not shift nor broaden (Fig. 2). This
means that F1 residues that do not interact with MT's do not inter-
act with T,R either and, reciprocally, that residues that interact
with T,R should a priori interact with MTs.

The enzymes used for proteolysis, Arg-C and Glu-C, have a
large number of cleavage sites evenly distributed along the F1
sequence (supplemental Fig. S1A4). The enzyme/F1 ratio and
digestion times were such that the molecular weights of result-
ing fragments are distributed over a wide range (for proteolysis
details, see “Experimental Procedures” and supplemental Fig.
S1). Fragments of F1 resulting from the digestion were submit-
ted to SEC either on their own or mixed with T,R. Elution was
monitored at 280 nm, a wavelength at which in our conditions
only tubulin absorbs, and at 230 nm to detect elution of F1
digestion products that have not been mixed with T,R (in con-
trol experiments) or of unbound F1 peptides (data not shown)
(Fig. 3A). SDS-PAGE analysis of eluted fractions demonstrates
the co-elution of some digestion products with T,R and, there-
fore, their binding (Fig. 3B). SEC fractions were also analyzed by
MALDI-TOF MS (Glu-C cleavage see supplemental Table S1;
Arg-C cleavage, data not shown). Proteolytic fragments of F1
were identified in fractions 3 and 4 of proteolyzed F1 eluted
with T,R. By contrast, the same fractions of proteolyzed F1
eluted on its own do not contain any fragment. Because these
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FIGURE 3. Identification of F1 digestion products that interact with T,R. A, SEC profiles of T,R (solid line), Glu-C proteolyzed F1 (dotted line), and of T,R:Glu-C
proteolyzed F1 (dashed line). Fractions defined at the top of this panel were submitted to SDS-PAGE analysis. mAU, milliabsorbance units. B, silver-stained
Tricine-SDS-PAGE of eluted fractions of T,R (panel 1), of F1 proteolyzed by Glu-C (panel 2), and of T,R: proteolyzed F1 (panel 3). Low molecular weight peptides
detected in fractions 3-6 of the SEC analysis of T,R: proteolyzed F1 (panel 3) and absent in that of T,R (panel 7) demonstrate co-elution of some of the F1
digestion products with T,R. Note that some fragments of proteolyzed F1 that are hardly seen after SEC (compare panel 2 with supplemental Fig. S1) become
visible upon co-elution with T,R, which also points to their interaction. G, identification by MALDI-TOF mass spectrometry of F1 peptides co-eluting with T,Rin
SEC. Mass spectra of the T,R-proteolyzed F1 complex before SEC (panel 1) and of fraction 4 of SEC elution of T,R-proteolyzed F1 (panel 2) were recorded in linear
mode. Four fragments (*) were detected in these two spectra but not in that corresponding to the analysis of the same fraction of the elution of proteolyzed
F1 (data not shown). They interact specifically with T,R. Note that spectra are scaled with respect to the highest peaks, which in spectrum 1 corresponds to
unbound peptides (1). As a consequence, the peaks corresponding to T,R-interacting fragments appear very small in spectrum 1 but not in the MS of SEC
fraction 4 (spectrum 2). Differences between the theoretical and measured masses of F1 fragments are consistent with MALDI-TOF MS accuracy in the linear
mode (between 0.01 and 0.05%). In the few cases where ambiguities arose, they were resolved by comparing results with F1 His-tagged at the N- and
C-terminal ends. Matrix adducts (@) and Glu-C proteolyzed RB3-SLD fragments (#) are indicated. RB3-SLD (mono- and biprotonated) was used for internal
calibration.

are the fractions where most T,R is eluted, the fragments iden-
tified interact with T,R. The spectrum of fraction 4 of T,R:
Glu-C proteolyzed F1 is shown as an example of the results
obtained, together with that of the same sample before SEC
(Fig. 3C, interacting fragments are noted with a star). Fig. 1B
summarizes the location in the F1 sequence of fragments
resulting from Arg-C or Glu-C proteolysis that were selected.
Interacting fragments are localized in the proline-rich domain
(e.g. 164—252 and 164 —264, F2) and in the MTBR (e.g. 265—338
and 265-372, F3). Whereas some fragments in the SEC/MS
screen, such as 164 —372, also overlap these two regions, our
results demonstrate that both the proline-rich and the
MTBR domains, two separate regions of Tau, interact indi-
vidually with T,R. We used NMR analysis to define residues
in these two regions that interact with T,R. In addition, rep-
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resentative fragments among those we identified have been
produced for further characterization; their limits are
described in Fig. 1B.

NMR Analysis Identifies Residues of the Pro-rich and MTBR
Domains That Mediate the Interaction with T,R—To identify
these residues, we used F2a (166 —246) and K18 (244.—372) (Fig.
1B) as they respectively compose the region of F2 in the Pro-
rich domain (this work) and coincide with the MTBR (22). F2a
was produced, and we confirmed by SEC/MS analysis that it
interacts with T,R (data not shown). 'H,"*N HSQC spectra of
F2a and K18 alone and with T,R were recorded (Fig. 4). In the
F2a spectra (Fig. 44), the amide resonances of residues at the N
terminus (e.g. Thr'®®, Ile'”", Lys'”*, and Thr'®') and at the C
terminus (e.g. Arg®®®, Thr**°, Ala**’, Val**®, Arg®*°, Lys**’, and
Ser**') shift significantly in the presence of T,R (Aw, as defined
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FIGURE 4. NMR spectra of fragments F2a and K18. 'H-">N HSQC spectra were recorded with the fragment alone (red) and in the presence of unlabeled T,R
(blue). A, F2a spectra; all residues for which Aw (Aw = (Aw,® + 0.2 Awy?)"?) is larger than 0.1 ppm are labeled. B, K18 spectra; resonances of residues between
Asp?*?and lle®? (indicated by arrows) are broadened upon addition of T,R. G, variations of the chemical shift of residues of F2a upon binding to T,R. These show
that the interacting region consists of two parts separated by a central peptide consisting of residues Ser'-Ser?°®, D, relative intensities of K18 resonances

when in complex with T,R compared with when it is free in solution.

under “Experimental Procedures,” larger than 0.1 ppm),
whereas almost no variation or variations of much smaller
amplitude were observed for residues between these two
regions (such as Gly'®¢, Gly'??, Gly'®®, Tyr'®”, and Thr*°®) (Fig.
4C). Chemical shift mapping therefore allows the identification
in F2a of two T,R interacting regions separated by an unbound
or loosely bound linker. The regions Thr'**~Thr'®' and
Argzog—Seer, respectively, overlap motifs in PR1 and in PR2
for which a pronounced and strong signal broadening is
observed upon MT or heparin binding (27, 31), and Arg®*°—
Ser**! contains basic residues (Lys***, Lys**®, and Arg>*°) that
were found to contribute importantly to MT binding and
assembly (24). Although the targets in these studies were T,R
(curved tubulin, this work) or MTs (straight tubulin), F2a and
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the proline-rich domain of Tau interact with these targets via
similar residues. Moreover, the regions of the proline-rich
domain that interact with tubulin do not depend on the pres-
ence of the MTBR in the fragment studied. In the K18 spectra,
the amide resonances of all residues from Asp>>? to Ile®*® are
severely broadened in the presence of T,R (Fig. 4, B and D). In
view of these results, we produced a new fragment, F4 (Ser>°8—
Ser®>*) (Fig. 1), that includes the MTBR up to residue Ser®**
(close to the C-terminal limit (Ile**®) of the region in K18 that
interacts with T,R) and the T,R-interacting region of the pro-
line-rich domain closest to the MTBR in Tau sequence.

Tau Fragments That Interact with T ,R Also Bind to Stabilized
MTs—The interaction of Tau constructs with MTs was
probed in a spin-down assay (Fig. 54). Qualitatively, three
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fragments. B, quantitative assay of the binding of Tau fragments to stabilized MTs. The same experiment as in A was repeated for variable concentrations of Tau
fragments and 25 pm tubulin in MTs. Quantities of fragments in the supernatant (free fragment) and pellet (bound fragment) were determined as described
under “Experimental Procedures.” Because of the tight binding of F4 to MTs, its detection and the tubulin concentration (2 um) were modified in this case; the
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nonequivalent sites model (Equation 1, “Experimental Procedures”).
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FIGURE 6. Competitive binding of Tau fragments to stabilized MTs and
T,R.The binding of Tau fragments was assayed in parallel to MTs (panel 1) and
to MTs in the presence of an equal amount of tubulin in T,R (panel 2). Samples
were centrifuged and analyzed by SDS-PAGE as described (SN, supernatant; P,
pellet). Tau, F1, and F4 bind preferentially to MTs in our conditions (and are
almost exclusively in the pellet even in the presence of T,R). Because some F2
isalso found in the supernatant in the presence of T,R (but not in its absence),
the binding preference of F2 to MTs as compared with T,R is less marked.
Because of the moderate affinity of F3 for MTs, this assay of its competitive
binding to MTs and T,R does not lead to a clear conclusion.

groups of fragments may be distinguished. The first one
includes the starting material (F1) and F4 that bind tightly to
MTs and are quantitatively recovered in the pellet. Frag-
ments in the second group (F2, F2a, (GIn***~Arg®*®), and F3)
partition in the supernatant and the pellet, whereas the third
group ((GIn***~Lys*?*!) and (Asn***~Glu>?®)) includes frag-
ments with very low affinities for MTs; these are essentially
recovered in the supernatant. K18 also belongs to the second
group (data not shown). We characterized the fragments
further in competition experiments (Fig. 6) in which MTs are
assembled in the presence of RB3-SLD, in conditions such
that, following centrifugation, the amounts of tubulin in the
supernatant and the pellet are identical. Members of the first
group have a higher affinity for stabilized MTs than for T,R.
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TABLE 1

Equilibrium constants (K,) for the dissociation of Tau and its fragments
from stabilized MTs

Data resulting from the quantification of spin-down analysis by SDS-PAGE, as
presented in Fig. 5B, were fitted with a two-independent sites model as described
under “Experimental Procedures.” K,' and K are the equilibrium dissociation
constants at these two sites. The stoichiometry of the tighter binding site, which was
a parameter in the fit, was found to be one Tau fragment/two tubulin heterodimers.

Fragment K} K}
i st

Tau(1-441) 0.22 £ 0.04 252 £ 50
F2(164—-264) 1.8 0.2 81*6
F2a(166-246) 31+ 04 271 + 43
F3(265-372) 5+09 141 = 25
F4(208-324) <0.04” 0.5 = 0.06"
K18(244-372) 107 + 3 57 + 11

“ This was measured with 2 um MTs.

This also applies to F2, in the second group. Results for frag-
ments with a weaker affinity for MTs, such as F3, are more
difficult to interpret as even in the absence of T,R some
material is found in the supernatant, unbound to MTs.
Finally, we measured equilibrium constants for the dissoci-
ation from MTs of the tightest binding fragments we have
identified in a spin-down assay by quantifying the amount of
protein bound to MTs and in the supernatant (Fig. 5B and
Table 1). For comparison with data from the literature, we
also measured the K, value of Tau and found it to be consis-
tent with what has been measured using the same approach
(22, 45). Data were best fitted with two nonequivalent bind-
ing sites, the higher affinity one consisting of two tubulin
heterodimers. The stoichiometry of the low affinity site is
less strictly defined by our data; we fixed it to one Tau frag-
ment per tubulin. The resulting binding equilibrium equa-
tion (Equation 1) is equivalent to that used by Ackmann et al.
(45) when the K, value of the low affinity site is larger than
the free fragment concentration. We did not study this site
any further as the affinity of all the fragments we produced is
more than 1 order of magnitude weaker than that for their
tighter binding site (Table 1).

The K, value of the high affinity site of fragments in the
second group (Fig. 5B) are in the 1-10 uMm range, and those of
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FIGURE 7. Tau fragments promote microtubule assembly. A, turbidity plots. MT assembly was carried out in buffer M2G1 from tubulin (black; 20 um, solid line;
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(upper lane) and X35,000 (lower lane). Arrows point to MT bundles. No MT is observed in the absence of Tau fragments.

members of the third group were too high to be determined.
Our results (Table 1) demonstrate that fragments identified
in our screen for binding to T,R, in which tubulin is curved
(36), also interact with straight tubulin in MTs. The proline-
rich domain taken individually (represented by F2 and F2a)
binds to MTs with a dissociation constant in the micromolar
range, which corresponds to an interaction slightly tighter
than that of the MTBR domain (represented by F3 and K18).
Moreover, the affinity for MTs of constructs included in the
MTBR domain decreases significantly when they contain
less than three repeats (Gln***-~Lys®**! and Asn**°-Glu®®%)
(Fig. 5A), as observed previously (46). All the affinities of the
fragments we identified in the screen are significantly
weaker than that of Tau (or F1). This does not apply to F4,
which was designed based on the results of the screen and on
NMR data. To allow its affinity for MTs to be measured, we
increased the sensitivity of its detection in binding studies by
labeling it with a fluorescent probe. Despite that, the K,
value of the high affinity site on MTs for F4 can only be
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estimated to be lower than 0.04 um (Table 1), as in the con-
ditions of our assay this fragment totally segregates with
MTs up to the saturation of that site (Fig. 5B). Therefore, a
high affinity is restored by associating residues in the pro-
line-rich region and in the MTBR domain.

Tight Tubulin Binding Fragments of Tau Promote MT
Assembly—The effect on MT assembly of the fragments we
characterized was also tested by determining the tubulin Cc
when MTs are assembled in their presence (Fig. 7). Whereas the
fragments with the lowest affinity for MTs (GIn***~Lys*?! and
Asn**°-Glu®*®) had very little effect if any at all (data not
shown), all the others decreased Cc. In Fig. 7B, we present the
effects of F4 and of F2 and F3, respectively in the proline-rich
domain and MTBR region, which have the highest affinity for
MTs among the fragments in these regions that we have char-
acterized. To rule out the effects of MT bundling on the mea-
surement of the mass of MTs, we did not use turbidity. Instead,
we directly measured the quantity of tubulin in the supernatant
following centrifugation after the steady state of MT assembly
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had been reached (Fig. 74) and deduced from the difference
between total and soluble tubulin the quantity assembled. This
is particularly important in the case of F4, as this fragment obvi-
ously induces MT bundling (Fig. 7C). In the graphical represen-
tation of the variation of assembled tubulin as a function of total
tubulin concentration, Cc is given by the intersection of the
regression line and the abscissa axis. We find that the three
fragments decrease Cc, in agreement with the observation by
electron microscopy of MTs in the presence of Tau fragments
in conditions where no MT is seen with tubulin alone (Fig. 7C).
F4, which has the highest affinity for M Ts, has the largest effect
(Fig. 7B).

DISCUSSION

The objective of this work was the identification of Tau
fragments that bind to tubulin or MTs to facilitate structural
studies and to dissect the mechanism by which Tau pro-
motes MT assembly. We have found fragments in the pro-
line-rich and MTBR regions of Tau (Fig. 1B) that each indi-
vidually bind to T,R, a soluble assembly of two tubulin
heterodimers. Taken together, these fragments globally
coincide with those previously proposed to mediate the Tau-
MTs interaction (22, 24, 28, 29). The main difference is that
the proline-rich region binds to T,R and MTs, although this
has not been reported by those who have included it in their
studies (22, 23, 46). This discrepancy may appear because it
was associated with the N-terminal extension when its bind-
ing was studied. It is possible that this extension, which is
negatively charged, weakens the binding to the negative sur-
face of MTs of the positive proline-rich region. The equilib-
rium constants for dissociation from MTs of the fragments
included in the MTBR or proline-rich regions that we iden-
tified are in the 1-10 um range. But when two peptides from
these regions are combined in a single protein, as in F4, the
resulting construct binds much tighter, which in particular
allows it to stabilize MTs efficiently. Our results partially
agree with the propositions made within the “jaws model.” In
this model, the Pro-rich, MTBR, and C-terminal extension
domains all bind very weakly, if at all, to MTs, and the bind-
ing is considerably enhanced when two consecutive domains
are associated in a single protein. Such combinations stabi-
lize MTs and favor their assembly, but a combination with-
out repeats is unproductive (22). We show that the Pro-rich
and MTBR domains each bind weakly to MTs (Table 1), that
each of them favors MTs assembly on its own (Fig. 7), and
that the strongest binder (F4) generated by linking two pep-
tides from these regions stimulates MT assembly more effi-
ciently. We did not select any tubulin-binding fragment in
the C-terminal extension of Tau, which may be due to the
selection that was for soluble tubulin binding, as opposed to
MT binding. We also note that the MTBR region included in
F4 mostly corresponds to the MT binding core initially pro-
posed by Feinstein and co-workers (28).

Interestingly, although the fragments we identified were
selected because they bind to curved tubulin in T,R, most of
them also bind to straight tubulin in MT's (Fig. 54 and Table
1) and the tightest binding ones favor MT assembly, as Cc
decreases when MTs are assembled in their presence (Fig.
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7B). The mechanism by which this is achieved is best under-
stood in the case of a protein (P) that binds in a 1:1 ratio to
tubulin in solution as well as to tubulin incorporated in MTs,
as described in Scheme 1, where Cc (resp. CcF) is the inverse
of the tubulin-MT association constant in the absence (resp.
presence) of protein (P), and K; and K, are the equilibrium
constants for the association of this protein with tubulin in
solution and in MTs. Because of the thermodynamic cycle above,
and provided that P interacts equally with GDP- and GTP-tubulin,
the following is verified as shown in Equation 2,

K./K, = Cc"/Cc (Eq. 2)
Thus, if protein (P) binds with a higher affinity to tubulin in
MTs than to tubulin in solution, Cc is decreased when MT's
are assembled in its presence. In the case of Tau or its frag-
ments, the situation is more complicated as they do not bind
to tubulin in a 1:1 ratio. Nevertheless, one expects the con-
clusion above to hold true qualitatively. The binding to sol-
uble tubulin of any protein that favors MT assembly is diffi-
cult to disentangle from MT assembly. Therefore, we
compared the binding of Tau fragments to tubulin in MTs
and in T,R. F4 binds with a higher affinity to the former. This
is also true, but to a lesser extent, for F2 and less clear for F3,
whose affinity for MTs is weaker (Table 1). We also found
that F2 and F3 decrease Cc less efficiently than F4 (Fig. 7B). It
is therefore tempting to conclude, at least in the case of F2
and F4, that binding to T,R reflects to some extent binding to
soluble tubulin and that Cc is decreased when MTs are
assembled in their presence because they bind tighter to
tubulin in MTs than to soluble tubulin.

The stoichiometry of the tighter binding site of Tau and its
fragments on tubulin in MTs has been determined when
their affinities were measured; it consists of two tubulin het-
erodimers (Fig. 5B and Table 1), as does the binding site of
stathmin family proteins. But the effect on MT assembly of
the proteins studied here differs radically from that of stath-
min family proteins, which constitute with tubulin a com-
plex that is not incorporated in MTs and does not assemble
any further (35, 47). F4, the tightest binder and one of the
shortest fragments we produced, is best suited to structural
studies. Structural characterization of the interaction of F4
with tubulin is required to define better the transient com-
plex that is formed and to elucidate the basis for the opposite
effects of this Tau fragment and stathmin family proteins.
Furthermore, determination of the structure of functional
complexes mimicking the interaction of Tau with tubulin
will be essential to document the molecular mechanisms by
which Tau promotes MT assembly.
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